Candida guilliermondii is a haploid opportunistic pathogen accounting for about 2 % of human blood yeast infections. Recent analyses using multilocus enzyme electrophoresis and karyotyping suggest that strains from human sources traditionally designated C. guilliermondii in fact include at least two species, C. guilliermondii and Candida fermentati. However, the patterns of molecular variation within and between these two species remain largely unknown. In this study, DNA fragments were sequenced from five genes for each of 37 strains collected from Canada, China, the Philippines and Tanzania. The analyses identified significant sequence differences between C. guilliermondii and C. fermentati. The five gene genealogies showed no apparent incongruence, suggesting a predominantly clonal reproductive structure for both species in nature. Indeed, two large clones of C. guilliermondii were identified, with one from Ontario, Canada, and the other from China. Interestingly, the results indicate that strains currently designated C. guilliermondii may contain additional divergent lineages. On the practical side, the results revealed several diagnostic molecular markers that can be used in clinical microbiology laboratories to distinguish C. guilliermondii and C. fermentati. The multiple gene genealogical analyses conducted here revealed significant divergence and clonal dispersal in this important pathogenic yeast complex.
INTRODUCTION
Emerging infectious diseases are increasingly recognized as significant threats to human health and social and economic wellbeing. Most emerging infections are believed to result from anthropogenic activities such as increased contact between previously disjunct human and wildlife populations, the disturbance of human and animal ecological niches, and the rapid dispersal of infectious agents accompanying human travel. A prominent feature of emerging human infectious agents is the widespread geographical distribution of clones and genotypes. For example, in the model human fungal pathogens Candida albicans and Cryptococcus neoformans, strains with similar or identical multilocus genotypes are commonly found among diverse geographical locations in South and North America, Australia, Eurasia and Africa (Kidd et al., 2005; McEwen et al., 2000; Xu, 2004a; Xu et al., 1999b Xu et al., , c, 2000b . While most of our attention has focused on model pathogens, the population biology of other opportunistic fungal pathogens such as Candida guilliermondii remains poorly understood.
C. guilliermondii is a haploid ascomycete yeast (Doi et al., 1992; Imshenetskii et al., 1979) . Like most other species in the genus Candida, C. guilliermondii is a common constituent of the normal human microflora (Kam & Xu, 2002; Odds, 1988; Tey et al., 2003; Xu & Mitchell, 2003a) . However, when the immune system of the host is compromised due to organ transplantation, chemotherapy, or infections by other agents such as the human immunodeficiency virus, C. guilliermondii and other Candida species can cause severe, sometimes life-threatening infections (Xu et al., 1999a) . Whereas Candida albicans is the most commonly isolated pathogenic yeast in humans, other species such as C. guilliermondii are commonly found (Dos Santos & Soares, 2005; Krcmery & Barnes, 2002; Odds, 1988; Sandven, 2000; Tey et al., 2003) . Globally, C. guilliermondii accounts for about 2 % of all candidaemia (Krcmery & Barnes 2002; Sandven, 2000; Tey et al., 2003) . However, in certain geographical areas such as Italy, India and Brazil, it may account for over 10 % of all candidaemia (Sandven, 2000) .
Unlike the more common C. albicans, whose primary ecological niche is on or in mammals and for which a complete sexual life cycle has not been found, C. guilliermondii can be found in a variety of ecological niches and has an identifiable sexual life cycle in the laboratory (Odds, 1988; Barnett et al., 2000) . However, whether such distinct lifestyles contribute to different population genetic patterns remains unknown. Before the mid-1990s, the identification of human pathogenic (as well as non-pathogenic) fungi was mostly based on morphological and physiological features. The use of molecular markers in the last decade has uncovered several previously unknown species such as Candida dubliniensis, a close relative of C. albicans (Sullivan et al., 1995) , and two close relatives of C. parapsilosis, C. orthopsilosis and C. metapsilosis (Tavanti et al., 2005) . In clinical samples of C. guilliermondii, multilocus enzyme electrophoresis (MLEE) and karyotyping using pulsed-field gel electrophoresis (PFGE) revealed that this species in fact contained two different species, C. fermentati and C. guilliermondii (Bai et al., 2000; San Millan et al., 1997) . However, readily applicable diagnostic markers to distinguish these two species remain elusive. Furthermore, the patterns of DNA sequence variation within and between these two closely related species remain unknown.
The objective of this study was to use the multiple gene genealogy (also called multilocus sequence typing or MLST; Maiden et al., 1998) approach to understand the evolution and population genetic structure of C. guilliermondii and C. fermentati. Gene genealogical analyses have been used to address a variety of ecological and evolutionary genetic issues, including the rates of dispersal, hybridization and divergence, and the role of clonality and recombination in the structure of fungal populations (Xu, 2006; Xu et al., 2002 Xu et al., , 2005 Xu & Mitchell, 2003b) . Given a group of clonally reproducing organisms, the genealogies of multiple genes are expected to be the same, since evolutionary changes arise mainly through independent mutations. In contrast, in a group of organisms in which sexual recombination has occurred to some degree, the gene genealogies may be expected to differ, since sexual mating and meiosis result in the shuffling of genes from different parts of a genome (Xu, 2004b) .
This study was designed to address the following specific questions. First, how much divergence is there between C. guilliermondii and C. fermentati at the DNA sequence level? Will the qualitative differences between the two species as revealed by MLEE and karyotyping be substantiated at the DNA sequence level? Second, are genealogies from different genes congruent? Congruent gene genealogies suggest a predominantly clonal mode of reproduction in natural populations of the species. Because C. guilliermondii is capable of sexual reproduction in the laboratory, we hypothesize that there should be evidence for gene genealogy incongruence and recombination in natural populations of C. guilliermondii. Third, what is the geographical pattern of molecular variation? Specifically, are strains from the same area more similar to each other than to those from other areas? And fourth, are there widespread clones or clonal lineages in C. guilliermondii as has been found for several other human fungal pathogens (Pujol et al., 2005; Xu, 2004a) ? To address these questions, we analysed a collection of 37 strains using DNA sequences from fragments of five genes.
METHODS
Yeast isolates. Thirty-seven isolates were obtained from diverse geographical areas in four countries. Three strains were isolated from two healthy hosts in an aboriginal community at the First Nations Reserve just west of Hamilton, Ontario, Canada. Twelve strains were obtained from the regional Clinical Microbiology Laboratory in Toronto, Ontario. All 12 strains were from unrelated patients with yeast infections by C. guilliermondii. Six strains were collected from separate patients in the Philippines. Two strains were isolated from the oral cavities of patients infected with HIV in Tanzania. Fourteen strains were collected from three provinces in China: eight strains from a small farming village (Shitou Village) in Jiangxi Province in southeast China; one strain from Xi'an, the capital of Shaanxi Province in central China; and five strains from Chengdu, the capital of Sichuan Province in southwest China.
These 37 strains were initially identified as C. guilliermondii based on standard clinical mycological procedures using growth phenotypes on agar plates, microscopic features and API32 substrate utilization profiles (Warren & Hazen, 1999; Kam & Xu, 2002) . Their identifications were confirmed and further distinctions were made using sequence analysis of the internal transcribed spacer (ITS) regions 1 and 2 using the PCR primers ITS1 and ITS4. These 37 strains were found to belong to two different species, 32 being C. guilliermondii and 5 being C. fermentati (see below). Details of these strains and their species designations are presented in Table 1 . Except for strains LM85 and LM86, which were obtained from the same host but different body sites, all strains were isolated from a distinct host/source (Table 1) .
DNA manipulation. High-molecular-mass genomic DNA was isolated using a previously described technique (Xu et al., 2000a) . Fragments of five genes were studied: ACT1 (actin 1 gene), EF1 (translation elongation factor 1), ITS of the rRNA gene cluster, RIBO (riboflavin synthetase) and TOPOII (DNA topoisomerase II). These genes were chosen because they were conserved, housekeeping genes, to ensure successful amplification and sequencing of gene fragments from all strains. The chromosomal locations, primer sequences and original GenBank accession numbers for these genes in C. guilliermondii are given in Table 2 . These GenBank sequences were used to design specific primers for the amplification and sequencing of each gene from each of the 37 strains. The primers and the expected PCR product size for all five gene fragments are presented in Table 2 . PCR amplification was performed according to standard protocols (Xu et al., 2002 (Xu et al., , 2000b Xu & Mitchell, 2003b) . PCR products were cleaned using the microCLEAN purification kit (Qiagen) and sequenced using both the forward and reverse primers using an ABI3100 automated DNA sequencer (MoBix Laboratory, McMaster University). For each of the five gene fragments, strains that showed DNA sequences differing by only one or a few nucleotides from the dominant alleles were sequenced again to confirm the observed base substitutions. In all cases, the second round of sequencing produced sequences identical to those obtained in the first round.
Data analyses. Phylogenetic analyses of the five individual gene fragments as well as the combined data were performed using the PAUP* software (Swofford, 2004) . The most parsimonious trees were obtained by heuristic searches based on 500 random sequence additions. Mid-point rooting was used for all phylogenetic trees.
To test for clonality and recombination in samples of the two species, we implemented three tests. In the first, we calculated the overall index of association (I A ). In this test, the observed data were compared against the null hypothesis that alleles from different loci were randomly associating with each other (i.e. a recombining population structure). A clonal population structure would be suggested if the null hypothesis were rejected; i.e. if alleles showed significant association with each other (Xu, 2005) . In the second test, the proportion of pairwise loci that were phylogenetically incompatible was calculated. A phylogenetic incompatibility occurs between two loci with two alleles each when all four possible genotypes are found in the population. To perform the above two tests, each unique haplotype of each gene was counted as a unique allele and the data were then imported to the program MULTILOCUS version 1.3 (Agapow & Burt, 2001 ) for analyses.
The underlying assumptions, formulae, and the inferences of statistical significance of these two tests can be found on the program homepage (Agapow & Burt, 2001 ). In the third test, the congruence of gene genealogies was assessed using the partition homogeneity (PH) test (Farris et al., 1995) . In the PH test, the null hypothesis is congruence and clonality, the opposite of that for the index of association test (Xu, 2005) . These three complementary tests were applied to samples of both C. guilliermondii and C. fermentati individually.
To test whether there were significant phylogenetic patterns based on geographical origins, we used the topology-dependent permutation tail probability (T-PTP) test (Faith, 1991) . This test compares the lengths of maximum-parsimony (MP) trees with and without the monophyletic constraint defined by the described trait, geography. If the constrained trees are significantly longer than the unconstrained MP tree, the results suggest a lack of phylogenetic pattern based on the specific trait. The statistical significance of the T-PTP test was derived from permutation of the sequence data under the assumption of non-monophyly to generate a null distribution of tree lengths. Statistical support for non-monophyly is achieved when over 95 % of all permuted datasets have tree lengths shorter than the MP tree generated with the constraint of monophyly (Faith, 1991) . The T-PTP test was implemented in PAUP* (Swofford, 2004) .
Based on the derived phylogenetic pattern, the existence of potentially divergent lineages within each of the two species was further analysed using evolutionary distances within and between groups of strains. In this study, the common Kimura two-parameter (K2P) distance implemented in PAUP* was used. The K2P model treats transitions and transversions differently and uses observed empirical substitution patterns to derive the optimum weighing schemes among various types of transitions and transversions (Swofford, 2004) .
RESULTS
We successfully obtained DNA sequences from fragments of all five genes for all 37 strains. For each of the 185 (3765) DNA sequences, we observed no evidence of heterozygosity (i.e. double peaks in the sequencing chromatograms). This observation is consistent with the haploid nature of the C. guilliermondii and C. fermentati genomes. In the following analyses, we therefore treat the strains as haploid. The composite multilocus genotype for each strain is presented in Table 1 . The patterns of DNA sequence variation are described below.
Significant molecular divergence between C. guilliermondii and C. fermentati
The BLASTn analyses of the ITS gene sequences identified that the 37 strains analysed here belonged to two different species. Thirty-two strains had ITS sequences 99?7-100 % identical to that of the type sequence of C. guilliermondii, and five strains matched 100 % of the type sequence of C. fermentati. Within the ITS1 and ITS2 regions, four polymorphic nucleotide sites distinguish these two species (Fig. 1) .
The other four gene fragments analysed here also showed consistent divergence between C. guilliermondii and C. fermentati (Fig. 1, Table 3 ). These results contrast with those from traditional identification methods using morphological characteristics and physiological features, which failed to distinguish strains of these two species. Among the five gene fragments, RIBO showed the greatest divergence between the two species, followed by TOPOII, EF1, ACT1 and the least divergent ITS gene. The mean K2P distance between pairs of strains for RIBO (0?1413) was about twice that of TOPOII and almost 20 times that of the ITS gene fragment (Table 3) . When all five genes are considered together, the mean K2P distance between C. guilliermondii and C. fermentati is 0?0511. This divergence is over 20 times the mean divergence between strains within both species. The results here thus support independent species status for C. guilliermondii and C. fermentati.
Limited nucleotide variation within populations of C. guilliermondii and C. fermentati
Except the ITS gene fragment, which showed no variation among the five strains of C. fermentati, all other gene fragments analysed here showed various degrees of nucleotide variation within populations of these two species. However, compared to the extensive variation between the two species, the variation within samples of both species was very limited. In addition, the rank orders among the five genes in the degree of nucleotide variation within both species were different from that between the two species. Specifically, within C. guilliermondii, the most divergent was RIBO, followed by EF1, TOPOII, ITS and ACT1. Within C. fermentati, the most divergent was TOPOII, followed by RIBO, ACT1, EF1 and ITS. These results indicated that the most divergent genes within these two species were not necessarily the most divergent between the species and vice versa.
The number of haplotypes among genes also varied in populations of the two species and was not directly correlated with the degree of nucleotide variation within or between the two examined species. Specifically, in C. guilliermondii, two haplotypes were found for ACT1, three for EF1, four each for TOPOII and ITS, and six for RIBO (Table 1 ). In C. fermentati, one haplotype was found for ITS, two for EF1, and three each for ACT1, RIBO and TOPOII (Table 1 ). The combined nucleotide data identified a total of 10 multilocus genotypes among the 32 strains of C. guilliermondii and 4 multilocus genotypes among the five strains of C. fermentati.
Evidence for clonal reproduction in C. guilliermondii
Several lines of evidence suggest that clonal reproduction is the main mode of reproduction in natural populations of C. guilliermondii. First, we observed that several multilocus genotypes were shared by multiple strains, all from unrelated hosts. Specifically, among 10 multilocus genotypes identified for the 32 strains of C. guilliermondii, three were shared by a total of 25 strains: one genotype was shared by three strains from the Philippines, one by 12 strains from Ontario, Canada, and the third by 10 strains from diverse geographical locations in China (Table 1, Fig. 2 ). The second line of evidence came from gene genealogical comparisons. The PH test revealed that genealogies from all five genes are congruent among each other in the sample of C. guilliermondii (P=0?81). The third line of evidence came from linkage disequilibrium analyses. The alleles from the five analysed loci showed no evidence of random association (P<0?001, Table 4 ). Indeed, we found no evidence for phylogenetic incompatibility in this sample of C. guilliermondii (P<0?001, Table 4 ). Similar evidence exists for clonal reproduction in the natural population of C. fermentati. The PH test identified that genealogies from the five genes are statistically congruent among each other in this sample of C. fermentati (P=0?48). No evidence for phylogenetic incompatibility was observed. Furthermore, despite the small sample size, linkage disequilibrium analysis rejected the null hypothesis of random mating (Table 4) . Among the five strains analysed here, two shared identical multilocus genotypes. These two strains were isolated from the same host, one from the oral cavity and the other from a fingernail. However, it should be pointed out that the small sample sizes analysed here might not be representative of the global population of C. fermentati. Additional samples will be needed before a more robust conclusion can be drawn about the predominant mode of reproduction in natural populations of C. fermentati.
Geographical pattern of molecular variation in C. guilliermondii
Because of the small sample size for C. fermentati, our analysis of the geographical pattern of molecular variation was restricted to C. guilliermondii. As indicated above and shown in Fig. 2 , three clones were found among the 32 strains of C. guilliermondii. All three clones were restricted to a specific geographical region: one was found only in the Philippines, one only in Ontario, Canada, and the third only in China. These results suggest a geographical pattern for clonal distribution in C. guilliermondii. Interestingly, these three clones were genetically very similar to each other, with only 1-2 nucleotide difference(s) (out of a total 3208 nucleotides) separating them. In addition, five other genotypes with one strain each (four from China and one from Toronto, Canada) differed at only one nucleotide position from the large clone from China. The small number of nucleotide differences suggests a recent common origin for these 30 strains. However, when all 32 strains of C. guilliermondii were analysed together using the T-PTP test, there was no statistically robust geographical pattern (P<0?05). The lack of a strict geographical pattern is evident in the combined phylogenetic tree (Fig. 2) . Specifically, strains from none of the three regions (Ontario, the Philippines and China) were exclusively clustered together with each clade containing only strains from one specific region but not from other regions. Taken together, the evidence from the above analyses suggests the existence of dispersion among geographical populations of C. guilliermondii.
Are there additional divergent lineages in C. guilliermondii?
While strains PH144 and PH145 from the Philippines had ITS sequences indistinguishable from the majority of strains from China, their sequences in the ACT1, EF1, RIBO and TOPOII genes were consistently different from the other 30 C. guilliermondii strains (Table 1, Figs 1 and 2) . The combined analysis of all five genes revealed that the mean K2P distance of the two strains from the other 30 strains of C. guilliermondii (K2P distance 0?01274±0?00035; mean±SD, n=60 pairwise comparisons) was about 30 times the divergence among strains within the main C. guilliermondii clade (0?00042±0?00031, n=435 pairwise comparisons). These results suggest that the current species C. guilliermondii may contain additional evolutionarily divergent lineages.
DISCUSSION
This is believed to be the first multiple gene genealogical analysis and comparison of natural strains of C. guilliermondii and C. fermentati. The lack of heterozygosity within strains for any of the five genes in any of the 37 strains is consistent with the haploid nature of the genomes in C. guilliermondii and C. fermentati. Our analyses revealed significant molecular divergence between populations of these two species. While there was no strict geography-based pattern of molecular variation, we identified several regionspecific clones of C. guilliermondii. Samples of both species exhibited evidence of clonal reproduction and limited or no evidence for recombination. Interestingly, our results also suggested that there might be additional divergent lineages within C. guilliermondii.
The observed significant molecular divergence between C. guilliermondii and C. fermentati in all five genes analysed suggested that potentially useful molecular markers could be developed to distinguish strains of the two species. Such a marker system could be highly valuable in clinical microbiology laboratories. Based on the consensus DNA sequences for each of the two species, a list of diagnostic restriction polymorphic sites distinguishing C. guilliermondii and C. fermentati was generated (Table 5) .
These polymorphic sites can be assayed through simple PCR reactions using primers listed in Table 2 , followed by restriction enzyme digests of the PCR products and gel electrophoresis of the digested DNA. Such assays are unambiguous, rapid, economical, and ideal for clinical application.
Because C. guilliermondii is capable of sexual reproduction in the laboratory, we hypothesized that there should be evidence for genealogical incongruence and recombination in natural populations of C. guilliermondii. Contrary to our expectation, we found no evidence for recombination in either C. guilliermondii or C. fermentati populations analysed here. These results contrast with those from the common yeast C. albicans, for which evidence for recombination in natural populations is often found despite our failure to identify its complete sexual reproductive cycle in the laboratory (Pujol et al., 2005; Xu et al., 1999c) . It should be pointed out that the lack of evidence for recombination in the samples of C. guilliermondii and C. fermentati was not due to small sample sizes per se. In our analyses of clonality and recombination, three tests with two opposite null models, strict clonality (implemented in the incompatibility ratio test and the PH test) and random mating (implemented in the linkage equilibrium or I A test) were conducted and compared. In population genetic analyses, small sample size typically results in the lack of power to reject the null hypothesis. The fact that the null hypothesis of random mating in the index of association test was rejected in samples of both species suggests unambiguous evidence for clonality in the analysed samples. However, it should be emphasized that although the analysed samples are consistent with clonal reproduction in these two species, for several reasons, our data cannot exclude the possibility of recombination in either species.
First, although our samples were collected from diverse geographical regions without any a priori set of criteria, the samples analysed here were relatively small and may not be representative of the global populations of the two species. It is possible that samples from other geographical areas or natural environments may exhibit evidence of recombination. Analysis of additional samples is needed to identify the potential existence of such geographical or ecological-nichespecific population structures in these two species.
Second, the overall level of molecular variation is relatively limited within each of the two species. As a result, the two tests that used strict clonality as the null hypotheses may have lacked the power to reject the null hypothesis. Additional analyses using more polymorphic markers such as microsatellite loci may offer greater power to reject the hypothesis of strict clonality (Xu, 2005) . Such markers should also allow a more critical examination of potentially divergent lineages within C. guilliermondii. However, it should be emphasized that, despite the low level of nucleotide variation within the two samples analysed here, the null hypothesis of random mating was rejected for both in the test of linkage equilibrium.
Third, the five marker genes may be functionally linked and thus significantly associated. Physically, these five genes are located on four different chromosomes (or supercontigs; Table 2 ) as shown in the recent assembly of a 106 coverage genome sequencing of a C. guilliermondii strain by the Broad Institute http://www.broad.mit.edu/annotation/fungi/ candida_guilliermondii/background.html). Only two genes, ITS and TOPOII, are located on the same chromosome (supercontig 5). This supercontig is about 1?2 million base pairs long and ITS and TOPOII are located about 860 kb away from each other, almost at opposite ends of the chromosome. At present, the physical locations of the five genes are unknown in the C. fermentati genome. However, although physically these genes are far apart from each other in the C. guilliermondii genome, it is possible that they are functionally linked and interact with each other epistatically to influence fitness of strains. Epistatic interactions could allow the build-up of linkage disequilibrium in natural populations (Xu, 2004b) . Analysing different marker genes should allow a direct test of this possibility.
Lastly, because of the limited genetic variation within each of the two samples, it is highly likely that even if sexual reproduction were common in populations of C. guilliermondii and C. fermentati, the analyses conducted here might not have been able to discriminate it from clonal reproduction. For example, two forms of sexual reproduction, crossing between close relatives (i.e. inbreeding) and selffertilization, can both generate progeny with identical genotypes that would be recognized as belonging to the same asexual clones (Xu, 2005; Xu et al., 2005) .
We found geographically specific clones of C. guilliermondii in three locations (China, the Philippines, and Ontario, Canada). This result suggests that there might be large locally adapted clones in this species. The Ontario clone contained strains from the metropolitan Toronto area as well as from a small native community about 70 km west of Toronto, two economically and ecologically very different areas. The clone from China contained strains from three locations separated by hundreds to thousands of kilometres: a village in southeast China (Shitou Village, Jiangxi Province), a large city in central China (Xi'an, Shaanxi Province), and another large city in southwest China (Chengdu, Sichuan Province). Furthermore, the close similarity in the DNA sequences among the three clones as well as the other five strains (TOR13, ZG57, ZG70, ZG248, ZG379; Fig. 2 ) suggests a recent common origin of the 30 C. guilliermondii strains (except strains PH144 and PH145).
Like most micro-organisms that show wide geographical distribution of certain genotypes but where the mechanisms for such patterns remain unknown (e.g. Kidd et al., 2005; Xu, 2004a; Xu et al., 1999b Xu et al., , 2005 , the reasons for the wide distribution of some of the genotypes in C. guilliermondii are also unknown at present. However, there are several possibilities. First, human travelling in the past several decades might have contributed to the spread of certain genotypes. Second, the populations of C. guilliermondii from Asia and North America might have been the result of a severe population bottleneck associated with prehistoric humans when they migrated from Africa to other parts of the world a few hundred thousand years ago. Third, unlike C. albicans, for which mammals are the primary host, C. guilliermondii can be found in diverse environments such as water and soil, as well as a variety of animals (Odds, 1988; Barnett et al., 2000) . Therefore, there could be dispersal through these environmental sources. All three possibilities could have contributed to clonal dispersal in C. guilliermondii.
The identification of additional divergent lineages within the current species of C. guilliermondii further supports the notion that clinical strains previously identified as C. guilliermondii consist of a group of closely related phylogenetic species. At present, the medical significance of the species and divergent clones is unknown. However, using the information obtained here, and with the availability of a genome sequence (http://www.broad.mit.edu/annotation/ fungi/candida_guilliermondii/background.html), the analysis of additional clinical and environmental strains of C. guilliermondii using these and additional genetic markers should establish a solid evolutionary framework to allow a comprehensive examination of the epidemiology, pathogenesis, and control and treatment of C. guilliermondii infections.
